Six years of experience on various materials has enabled us to propose a tentative guide to recognize different types of glassy silicates and to classify them as a function of their composition. Raman parameters extracted from spectra are processed using also multivariate analysis (cluster and PCA). An illustration of the method is presented by differentiating between Iznik and Kütaya productions. 
INTRODUCTION
Leading experts generally base their certification of ancient artefacts on stylistic analysis and on personal sensory perceptions. However, greater objectivity is mandatory for identification, dating and conservation purposes. We have previously demonstrated the potential of Raman spectroscopy as a non-destructive on-site technique [1] [2] [3] [4] . Salient features can thus be extracted from bodies, glazes/enamels and pigments from different productions covering the history of the ceramic and glass industries. Six years of experience on various artefacts (Phoenician, Roman, Islamic, Medieval and modern glass, Asian, European and Islamic faience, fritware, stoneware and porcelain, etc. [5, 6] ) has enabled us to propose a tentative guide to recognize the different types of glassy silicates and to classify them as a function of their composition. In previous papers [1, 7] different families were identified empirically and we established the relationship between the Raman parameters (peak area ratio (A 500 /A 1000 ) of the Si-O stretching (i.e.. ~1000 cm -1 ) and bending (~500 cm -1 ) envelopes, wavenumbers of the different Si-O stretching components,…). A first test of the "quantitative" validity of this description was made for a series of high-temperature fired porcelain glazes [8] . In this paper we will test the procedure for a larger set of samples, covering most of the glassy silicates used in ancient ceramic and glass production.
The SiO 4 tetrahedron, the building block of all silicates, amorphous or crystalline, is a very covalent entity and thus has a well-defined vibrational signature, especially in Raman scattering. The latter technique is more convenient than IR analysis because the experimental procedure does not require sample preparation and Raman peaks are usually less broad than those of its IR counterpart. Pure amorphous silica can be described as a 3D network of SiO 4 tetrahedra sharing their oxygen atoms and forming Si-O-Si bridges. Consequently the density of Si-O bonds is at its maximum and melting (i.e. the softening of the 3D connected Si-O network) requires high temperatures (~1750°C). All applications in the science, art and technology of glass, glazes and enamels consist out of a controlled modification of the 3D Si-O network by replacement of Si 4+ covalent bonded atoms by non-covalent bonded atoms, hence decreasing the number of Si-O bridges and the connectivity of the network. Consequently, the melting temperature (and the viscosity at a given temperature) decreases. Other physical/chemical properties related to the density and network connectivity (thermal expansion, ion diffusion, reactivity, etc.) are modified accordingly. Direct relationships between the silica content, or more precisely the ratio between the glass-former (chiefly Si and Aloxides) and the flux (Na, K, Ca, Pb oxides) content and the properties of glassy silicate have been established for a long time (Seeger's rules and modern developments by Stevels, Huggins, etc [9] [10] [11] [12] ). Because strong covalent bonded structures have Raman signatures orders of magnitude larger than those of ionic ones, the Raman spectrum of a silicate consists, as a first approximation, solely out of the signature of the Si-O network (Si-O stretching, bending and librational/collective modes) [1] . Because a SiO 4 tetrahedron is a solid chemical and vibrational entity (molten silicates retain a strong polymeric character), it is well established that the different tetrahedral arrangements (see the schematic diagram in Fig. 1a ): isolated tetrahedra referred to as Q 0 , tetrahedra linked by a common oxygen atom (Si 2 O 7 or Q 1 ), tetrahedra linked by sharing 2 oxygen atoms (three (Si 3 O 9 ) and n tetrahedral-cycles: Q 2 ), by sharing 3 oxygen atoms (e.g. in some chains, ribbons and layers) and Q 4 (as in pure SiO 2 ) have characteristic Raman signatures [1, 7, 8, 13, 14] . An example of Q n decomposition is given in Fig. 1b . Glaze spectra generally exhibit additional narrow Raman peaks due to pigments or crystalline precipitates [5, 6] . These signatures must be identified and not considered in the analysis of the glassy silicate signature. Note that this molecular description considers only the main components (e.g. the anti-symmetric stretching mode is neglected) and its validity in the description of the Si-O "bending" massif (near 400-500 cm -1 ) is more problematic. In fact the substitution of Si atoms by Na, K, Ca, Pb ones does not only change the connectivity (and Si-O angles) but also the partial ionic charge of terminal oxygen atoms, which modify bond length and polarizability and hence the Raman "cross section" of the different modes. However, the spectrum of a silica-rich hard-paste glaze consists of a strong band at ~500 cm -1 (Si-O bending massif) and a weak bump at ~1000 cm -1 (Si-O stretching modes). On the contrary the 1000 cm -1 massif dominates the spectrum of a PbO-rich glaze. Glasses [7] . The polymerisation index I P is defined as I P = A 500 /A 1000 with A being the area under the Raman band [7] . The empirical relationship between I p , the glass composition and the processing temperature is rather well documented [7, 8] : a first family (I p < 0.3-0.5) mostly corresponds to leadrich silicates processed at low temperatures (<700°C); a second family (0.5 < I p < 0.8) consists of some lead-based silicates processed at medium temperature (800°C); a third family (0.8 < I p < 1.1) corresponds to most ancient alkaline glasses and enamels; family 4 (1.1 < I p <1.3) and family 5 (1.3 < I p <2.5) to Ca-based glassy silicates. Family 6 (2.5 < I p ) corresponds to K-based glazes. I p is strongly correlated to the processing temperature (~1400°C for I p ~7, 1000°C for I p ~1 and ~600°C or less for I p ~0.3). The polymerisation index concept is now used by different groups [15, 16] .
In this paper we will verify the relationship between the composition of glassy silicates and the parameters of their Raman signatures (centre of gravity and area of the Q n Si-O components and polymerisation index) for a large set of samples and propose an atlas of the Raman signatures' characteristics of the various types of glassy silicates.
ESTABLISHMENT OF THE DATA BASE
During the last six years we have analysed a large number of glassy materials, collected and fitted more than 700 Raman spectra. The materials studied are glass, porcelain, stoneware, terra cotta and faience glaze [1] [2] [3] [4] [5] [6] [7] [8] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Among these we selected 30 representative spectra (Tables 1 and 2 ). Fig.  2 shows that the corresponding values of their index of polymerisation cover a large range, from ~0.2 to ~5. Among these 30 materials the composition of 22 glassy silicates was determined by ourselves, using various methods (Table 1) or we are confident in the accuracy of the compositions determined by other groups. For instance, for the Iznik glazes (our composition analysis concern only some elements), we used compositions obtained by other groups for very similar materials [30] . We selected Raman signatures of glazes in which the contribution of pigments and precipitate crystalline phases is small or nil. In Fig. 3 we have labelled the flux and the corresponding wt % content of Na 2 O, K 2 O, CaO and PbO. It is obvious that there is a relationship between the Raman index of polymerisation and the nature and content of the fluxing cation : note the decreasing values of flux content from left to right, i.e. from low temperature (PbO-rich glass and glaze) to high temperature melting compositions (porcelain glaze) as previously established [7, 8] .
PEAK FITTING AND PARAMETER EXTRACTION
In undertaking a curve fit of the Raman spectra, a ~4-segment linear baseline (~100-700, ~700-800, ~800-1300 and >1300 cm -1 ) was first subtracted using Labspec (Dilor) software. The number of reference points was minimal, from 4 to 8, and kept constant for attaching the baseline segment to the different spectra. This type of baseline subtraction make it possible to retain only the "molecular" Si-O Raman signature and to eliminate the so-called "Boson peak" contribution, which is very large for PbO-rich glasses because the heavy Pb atoms modify the phonon propagation and activate other types of modes giving a "density of state" spectrum, arising from the projection of the dispersion curves of the Brillouin zone. Representative examples are presented in Fig. 4 . Our experience led us to consider this type of baseline subtraction as the best way to compare spectra of samples with various compositions. Obviously, the procedure remains partly subjective. A Gaussian shape was assumed for the Raman lines of the glassy silicate network because of the amorphous state of the examined materials; a Lorentzian shape is used for narrow bands related to crystalline moieties. The same spectral windows were used for the extraction of the components using the Origin software peak-fitting module (Microcal Software, Inc.). A plot of the polymerisation index as a function of the Q n wavenumber ( Fig. 6 ) makes it possible to monitor the validity of the description according our molecular model: Ip and νQ n increase together because the strength of the Si-O bond increases with polymerisation. A gap may remain between Q n and Q n+1 groups, which will decrease with polymerisation: the difference between Q 4 and Q 3 is less than between Q 3 and Q 2 , less than …, and so forth. Q n wavenumber increases with Ip because the structure becomes more compact and strongly bonded. The relationship between Ip and Q n wavenumber reflects a regular curve, except for Q 2 wavenumber which shows two groups of data. Note, that in spite of the rather limited range of variation (740-800 cm -1 ), Q 0 wavenumbers follow a rather well defined polynomial curve. This indicates that Q 0 wavenumber is very sensitive to the modification of the glass structure. In Figure 5 the spectra shown in Fig. 4 have been fitted according to the procedure. The integral area under each component of the envelope was calculated. The following assumptions were made: i) for the Si-O stretching range extending from 700 to 1300 cm -1 we postulated 5 (or less) components assigned to Q 0 , Q 1 , Q 2 , Q 3 and Q 4 ii) we also postulated 5 bands or less with similar bandwidths for the Si-O bending range. [1, 7, 8] . The results are summarized in Table 2 . Note that the Q n component wavenumber and area ratio are representative signatures of the different productions [6, 23] .
THE FAMILIES
As previously empirically established [7] and tested for a limited range of samples [8] , there is a good relationship between Raman parameters and compositional parameters. The study of porcelain glazes [8] [17] [18] [19] [30] [31] [32] [33] [34] [35] [36] [37] , we plotted the above parameters for a series of samples ( Fig. 7) . Classification of the different types is obvious. Note that our Raman data processing method would be more efficient for groups exhibiting a non-constant behaviour, for instance Islamic glasses and glazes. Plateau behaviour indicates that the compositional changes are small and certainly other criteria (for example, trace content) would be more useful for a classification as a function of the production date and place. In previous papers [7, 8] we established 6 families. In this previous semi-quantitative examination, the main criteria were the band intensity and the peak "shape" (wavenumber of the maximum and of its principal shoulder). According to our hypothesis that the Raman signature is determined by the polymerisation degree of the silicate network, the different families can be associated with the main fluxing agent or to an association of such a cation. Fig. 8 shows that within a family the Raman signatures are very similar. Confirmation is given by calculation of the mean Ip value ( Table 2 ). The additional family "6" in Figs 4 & 5 and Table 2 ) corresponds to modern glass used to replace ancient stained glass and to some modern celadon glazes. In order to check the validity of our classification, we plotted the polymerisation index as a function of the position of main Si-O stretching component wavenumber in Fig. 9a (i.e. the peak maximum wavenumber). Classification is evident, -from the top to the bottom as a function of the melting/processing temperature : at the top porcelain and then stoneware glazes, below, faience and terra-cotta glazes and glasses, all types of low temperature processed silicates. -from the left to the right as function of the main flux. The separation between the families is rather good. Of course some separation are more subjective, especially for glass, but the position can be correlated to the main fluxing element (Na, K, Ca or Pb). Fig. 9b plots the polymerisation index as a function of the Q 2 /Q 1 component area ratio. From our previous studies [6, 7, 23] the AQ 2 /AQ 1 ratio can be used to classify different glazes. Families 1 and 2 form well defined and isolated groups. Families 3 and 4 can be differentiated as a function of the AQ 2 /AQ 1 area ratio, not from the Ip value. Family 6 intersect Families 7 and 3/4. Note that Ip and ν max parameters can be determined without any peak fitting procedure, using very simple procedures. As a preliminary conclusion, it is evident that the composition type of any glassy silicate can be associated to a specific Raman signature, but the more pertinent parameter for a classification changes with the considered set of samples. In a first approach Ip and the peak maximum wavenumber of the Si-O stretching envelope are good tools. However in this work we don't consider all the information available in the Raman spectrum. For instance, it was established that the broad band at ~500 cm -1 , assigned to the bending Si-O mode using a SiO 4 vibrational model is sensitive to the variation of the Si-O-Si angle [38, 39] and for this reason very sensitive to change of the cation size and charge which modify this angle for geometric and electric reasons. Consequently, ion exchange by protonic entities strongly shifts the wavenumber towards lower values [39] .
MULTIVARIATE DATA ANALYSES
In order to expand our understanding of the criteria of classification and the relationship between the different parameters that can be extracted from a Raman signature and to establish a reproducible and simple procedure, we "processed" our data (the parameters extracted from the Raman signatures, Table 2 ) with two multivariate techniques of data analysis, the Cluster Analysis (CA) and the Principal Component Analysis (PCA). These methods are available from various home made and commercial software, in this study we use the Statistica 6.1 (Statsoft) package. In order to prevent some "size" effect due to variables means and dispersions heterogeneity data set is first centred and standardised (normalised in order to obtain a mean value set at zero and a standard deviation at one). In Cluster Analysis distances between each samples are calculated in the parameter hyperspace [40] . Then a hierarchical tree diagram assembles samples as a function of the shortest distance. Clusters presented are built using an Euclidean distance and the amalgamation rule selected is the Ward's method. In Principal Component Analysis, new "axes" called Principal Components (PC) are calculated by forming linear combinations of the original variables [40, 41] . The first PC is calculated in order to contains the maximum variance from the data set, the second the next highest amount, and so forth.
These new, orthogonal, axes are used to illustrate the parameters distribution structure. On the other hand, the projection of the initial parameters on the PC emphasises the contribution of each variable in sample discrimination. These methods of classification has been for a long time to classify stones, ceramics and glasses from their elemental composition, including trace elements [18, [42] [43] [44] [45] . Recently the technique was extended to spectroscopic, IR and Raman parameters extracted from the spectra [46, 47] . The hierarchical cluster built with 10 parameters, Ip, the Si-O stretching peak maximum and the peak areas and positions of the Q 0 , Q 1 , Q 2 and Q 3 components is shown in Fig. 10 . The three major groups identified are composed by the families: 1+2+3, 3+4+5+6 and 7. Obviously the increase of the number of the parameters do not lead to the clear-cut picture of Fig. 9a . The first group corresponds to porcelain glazes (1+2+ some data of 3). Family 7, consists of lead-rich glazes, remains isolated. The third group contains families 4+6, some data of family 3 and family 5. However, the latter family appears in a single sub-branch. To refine the selection of the most discriminating parameters, a Principal Component Analysis is performed for the 30 spectra and their 10 parameters (Ip, Si-O stretching peak maximum, Q n wavenumbers and peak area). To illustrate parameters behaviour Fig. 11 present the projection of variables on the two first principal component (factor). On the other hand, the projection of the initial parameters on the PC emphasises the contribution of each variable in sample discrimination. In this representation the projections of rather "independent" parameters are perpendicular. On the contrary, the parameters which have projections in the same direction, get a rather similar behaviour. Thus it can be expected from parameters close to be perpendicular to be more informative for sample discrimination. For instance, Ip, the Si-O stretching peak maximum wavenumber and some area (AQ n ) appear to be a good choice for a first classification. Some peak areas and even the Q o wavenumber are other informative parameters. Note that the plot of the polymerisation index versus Q n wavenumbers ( Fig.  6 ) already pointed out some correlation, with a larger variation versus Q o wavenumber in spite of the rather small range of variation the wavenumber.
CASE STUDY: DISCRIMINATION BETWEEN IZNIK AND KÜTAHYA GLAZES
In our previous work we drew a comparison between the Raman signatures of Ottoman Iznik and Kütahya productions [4, 23] . At least two types of Si-O stretching signatures have been observed for Kütahya ceramic glazes, in contrast the Raman signature of the Iznik productions does not vary very much between centuries of production. This very special behaviour was related to the very efficient control made by the "Ottoman office for fine art" (nakkashane). Large fluctuations are noted for Kütahya ones. However, in some instances a rather similar signature can be obtained for both types (or for artefacts assigned to) of factories. Fig. 12a shows the location of the data extracted from the Raman spectra of Iznik and Kütahya glazes in the bi-plot of Fig. 9a where Ip is plotted as a function of the Si-O stretching peak maximum. Most of the Kütayha glazes can be associated to family 7 (PbO-rich glass) but some of them are located in the Iznik group (see the measurement for the 7460 sample, a small dish with depicted personage). On the other hand Iznik glazes are all located in between family 5 (Na 2 O + PbO) and family 4 (Na 2 O-rich silicates) except for two types of glazes, the red Armenian bole (located in the family 7 area) and the dark green glaze (located in the CaO-rich family 2). The red bole is the last one glaze to be applied in the décor and it requires a lower temperature of processing, and hence more PbO in its composition. The dark green glaze is made with a Cr-containing pigment which develop the nice green color by forming uranovite-type garnet, a calcium silicate. The two parameters, Ip and ν max , appear good tools for the classification. Rather similar information can be obtained from multivariate cluster analysis. In Fig. 12b we present the hierarchical tree calculated using 10 parameters for the Iznik and Kütahya series. Classification of the different Iznik and Kütahya assigned productions is obvious, except for a Kütahya sample MNC7460, incorporated in the Iznik group. This questions the assignment and/or give information on the technology relationship between two factories and deserves further study using this procedure.
CONCLUSION
The consideration of a rather large set of glazes and glasses representative of different types, covering a time span from the origin of the glass and ceramic industry to modern times, for which both Raman spectra and accurate compositional analyses were available, enabled us to confirm unambiguously the validity of our empiric description. The use of two parameters, namely the Si-O stretching peak maximum and the polymerisation index, is sufficient to classify the glassy silicates as a function of their composition types, according to the seven families recognized. The use of more criteria lead to 4 groups. Cluster and principal component analysis from main parameters, derived from their Raman signatures appear to be a good method to classify glasses and glazes belonging to a limited range of the above classification. These results deserve further studies to discriminate between sets of artefacts where the origin of production and date are under investigation. Fig. 1 : a) Schematic diagram of the SiO 4 polymerized network of a glassy silicate; isolated (Q 0 ), connected with one (Q 1 ), two (Q 2 ), three (Q 3 ) and four (Q 4 ) Si-O-Si bridge tetrahedra are indicated. b) example of glaze spectrum after baseline subtraction. Note, in the shown case (Medici porcelain [3, 6] ) additional narrow peaks due to α-quartz and calcium phosphate crystalline phases are superimposed on the glaze Raman signature. 
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